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POLY(ALPHA-OLEFIN/ALKYLENE
GLYCOL) COPOLYMER, PROCESS FOR
MAKING, AND A LUBRICANT
FORMULATION THEREFOR

FIELD

The present disclosure relates to copolymer useful as a
lubricant or engine o1l. The present disclosure further relates
to a process for making the copolymer. The present disclosure
turther relates to a lubricant formulation having the copoly-
mer therein.

BACKGROUND

Poly(alpha-olefin) (PAOs) fluids are commercially
employed as base stocks 1n lubricant products. PAOs have
many advantages compared to conventional mineral oils and
Group III/I1I+ lubricants. More specifically, PAOs have supe-
rior VI (viscosity index), low temperature properties (CCS,
MRY, etc.), pour points, and low traction, which translates
into better energy elliciency and additive response and com-
plete miscibility 1n conventional mineral oils. Performance
limitations of PAOs include a lack of polarity, which impacts
ability to solubilize polar additives, such as antioxidants,
anti-rust agents and anti-wear agents. Conventionally, polar
organic esters have been added to PAO lubricants to render
them compatible. Useful commercial formulations may have
2% or more of such esters in a fully homogeneous lubricant
blend. Examples of such esters include, for example, bis-
tridecanol adipate and pentaerythritol hexanoate.

Polyalkylene glycol (PAG) fluids have also been employed
as lubricant base stocks. Their performance advantages are
high VI, good lubricity (in hydrodynamic, mix, and boundary
lubrication conditions), and excellent cleanliness. Some
grades are even considered acceptable for mncidental food
contact (H1 grade). Performance limitations include lack of

miscibility and compatibility with conventional mineral and
hydrocarbon-based lubricants as well as high solubility in
water, which results 1n severe corrosion problem. Some PAGs
have paint or seal compatibility problems. The formulation or
additive response ol PAGs with respect to additives can be
unpredictable, rendering them difficult to formulate with.

It would be desirable to have lubricant base stocks that had
the performance advantages of both PAOs and PAGs without
their limitations. It would also be desirable to have lubricant
base stocks that can be readily blended with conventional
lubricant base stocks.

SUMMARY

According to the present disclosure, there 1s provided a
poly(alpha-olefin/alkylene glycol) copolymer of the follow-
ing formula:

Ra
H»
O C
H X hi s
Rb Rj Ry

wherein R, R, Ra, and Rb are, independently, any of H, a C,
to C, s normal or branched alkyl radical, or a C, to C, 4 aro-
matic radical or aromatic-containing alkyl radicals; whereinn
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and m, are, independently, integers from 1 to 1000; and
wherein X 1s an mteger from O to 10.

Further according to the present disclosure, there is pro-
vided a lubricant formulation. The formulation has a first
lubricant base stock of the copolymer described above and a
second lubricant base stock different than the first base stock.

According to the present disclosure, there 1s provided a
process for making a poly(alpha-olefin/alkylene glycol)
copolymer by reacting an alpha-olefin and an alkylene glycol
in the presence of a Lewis acid according to the following
sequence:

O
RJ / =+ — -
\/\ R, R3/%%%\R4
2
Ra
H
M«MO\%CW
Rb Rj R4

wherein R, R,, R, R, Ra, and Rb are, independently, any of
H, a C, to C, s normal or branched alkyl radical, ora C, to C, 4
aromatic radical or aromatic-containing alkyl radicals;
wherein n and m, are, independently, integers from 1 to 1000;
and wherein x 1s an integer from 0 to 10.

DETAILED DESCRIPTION

All numerical values within the detailed description and
the claims herein are modified by “about” or “approximately™
the indicated value, and take into account experimental error
and variations that would be expected by a person having
ordinary skill in the art.

In this present disclosure, the poly(alpha-olefin/alkylene
glycol) copolymer has both alpha-olefin monomeric content
and alkylene glycol monomeric content. The copolymer
exhibits the performance attributes of each of conventional
PAO and PAG fluids without the performance limitations of
cach.

The copolymer of the present disclosure takes the form of
a poly(alpha-olefin/alkylene glycol) as shown 1n the follow-
ing structure:

Ra
H,
O C
#l X b
Rb R3 R4

wherein R, R, Ra, and Rb are, independently, any of H, a C,
to C,, normal or branched alkyl radical, or a C, to C,, aro-
matic radical or aromatic-containing alkyl radicals; whereinn
and m, are, independently, integers from 1 to 1000; and
wherein x 1s an integer from O to 10. Preferably, n and m, are,
independently, integers from 1 to 500. Most preferably, n and
m, are, independently, integers from 2 to 400. Preferably, x 1s
an integer from O to 5.

Alpha-olefins (a-olefins) useful as comonomers include
cthylene and linear or branched C, to C,, a.-olefins. Examples
of useful C; to C,, a-olefins include propylene, 1-butene,
l-pentene, 1-hexene, 1-heptene, 1-octene, 1-nonene,
1-decene, 1-undecene, 1-dodecene, 1-tetradecene or 1-hexa-




US 8,455,415 B2

3

decene. A most preferred a-olefin 1s 1-hexene to 1-tet-
radecene. The olefin can be a single olefin or a combination of
two or more olefins.

The alkylene glycol fractions of the formula are derived
from alkylene oxide (AO) or epoxide monomers. Usetul AO
monomers include those of C,, to C,, carbons, such as ethyl-
ene oxide, propylene oxide, 1,2-epoxybutane, 2,3-epoxybu-
tane, 1,2-epoxydodecane, 1,2-epoxyhexadecane, 1,2-epoxy-
hexane, 1,2-epoxyoctane, 1,2-epoxypentane, 1,2-
epoxytetradecane and a combination of two or more thereof.
The epoxide can have a structure of a 4 to 5 member ring, such
as those of 1,3-propylene oxide and 1,4-butylencoxide(tet-
rahydrofuran). Formula A may contain a single AO or a mix-
ture of two or more AOs.

A desirable embodiment of the compound 1s R;,—H and
one of the hydrocarbon portions of the feed as an alpha-olefin
or a combination of two or more alpha-olefins. Another desir-
able embodiment 1s x=0 and one of the oxygen-containing
portions of the feed 1s ethylene oxide, propylene oxide, buty-
lene oxide, higher alkylene oxides, 1,3-propylene oxide, 1,4-
butylene oxide (tetrahydrofuran) or a combination of one or
more of them.

The copolymer 1s preferably to have higher alpha-olefin
monomeric content than alkylene oxide monomeric content.
The copolymer preferably contains more than 5 mole %
alpha-olefin units, more preferably more than 10 mole %
alpha-olefin units, more preferably more than 20 mole %
alpha-olefin units, more preferably more than 30 mole %
alpha-olefin units, more preferably more than 40 mole %
alpha-olefin units, more preferably more than 60 mole %
alpha-olefin units, more preferably more than 70 mole %
alpha-olefin units, more preferably more than 80 mole %
alpha-olefin units, more preferably more than 90 mole %
alpha-olefin units, or more preferably up to 99 mole % alpha-
olefin units. The amount of alkylene oxide monomer units 1n
the copolymer 1s preferably less than 90 mole %, more pret-
erably less than 80 mole %, more preferably less than 70
mole %, more preferably less than 60 mole %, more prefer-
ably less than 50 mole %.

Alpha-olefin content 1s important in determining the com-
patibility of the copolymer with other hydrocarbon base
stocks, especially API Gr I to Gr IV base stocks. Typically,
copolymers with higher proportions of alpha-olefin units
exhibit greater compatibility with the hydrocarbon base
stocks. However, 1t 1s critical to have suitable proportions of
alkylene oxide units, which impart greater polarity and
improve Irictional coetlicient of the copolymer. Preferred
copolymers have at least 10 mole % alpha-olefin content.

The copolymer of the disclosure 1s usetul use as a lubricant
base stock or a functional tluid and preferably has a 100° C.
kinematic viscosity of 1.5 ¢Stto 3000 cStaccording to ASTM
D445 method. The copolymer has a 40° C. kinematic viscos-
ity of 3 to 15000 cSt. Preferred copolymers exhibit a high
viscosity index (VI). The VI typically ranges from 70 to 300
depending on viscosity, amount of alpha-olefin units, amount
of alkylene oxide units, type of alpha-olefin or alkylene oxide
units, method of synthesis, chemical compositions, and the
like. Pour points are generally below —35° C. even 1n the case
of the higher molecular weight oligomers with viscosities
(100° C.) of 20 cSt or higher. Pour points (ASTM D97 or
equivalent) generally range between -20 and -55° C. and
usually below -25° C. Product viscosity may vary in view of
factors such as copolymerization conditions, such as reaction
temperature and reaction time. Higher temperatures and reac-
tion times may result in higher molecular weight/higher vis-
cosity products. The lubricant fraction of the product will
typically be a 4 ¢St to 3000 ¢St (100° C.) material but low
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viscosity products 1.5 ¢St to 40 ¢St (100° C.) may also be
obtained for use 1n lubricants in which a low viscosity base
stock 1s desired.

The molecular weight of the copolymer typically ranges
from 200 to 20,000, typically from 300 to 10,000, and most

typically from 350 to 7,500. Higher molecular weights and
corresponding viscosities may be achieved by suitable choice
of reaction conditions. Values of the polydispersity index
(PDI) are typically from 1 to 3.0.

The copolymer can take the form of a block copolymer or
a random copolymer or combination of both. Block copoly-
mers can take the form of a diblock copolymer, a multi-block,
or a repeating block copolymer. The copolymer optionally
may contain minor amounts ol homopolymers or other poly-
mers as long as a homogeneous mixture can be obtained. The
word “copolymer” 1s not limited to only two monomer types,
but also used to include polymers of more than two or three
types of monomer units.

For automotive engine lubricant formulations, 1t 1s gener-
ally preterred to have lower viscosity tluids, e.g., below 10
cSt. Lower viscosity 1s known to impart lower viscous drag
thus offering better energy efficiency or fuel economy. Both
low viscosity and high viscosity fluids are useful 1n industrial
lubricant formulations to yield different ISO vis grad lubri-
cants. For industrial lubricant formulations, it 1s generally
important to use fluids of high VI and high hydrolytic stabil-
ity.

For both engine and industrial lubricant application, it 1s
important to have a lubricant formulation with a low friction
coellicient. Fluids with low friction coelficients exhibit low
trictional loss during lubrication. Low frictional loss 1s criti-
cal forimproved energy or fuel efficiency of formulated Iubri-
cants.

Friction coellicients can be measured by a High Frequency

Reciprocating Rig (HFRR) test. The test equipment and pro-
cedure are similar to the ASTM D6079 method except the test
o1l temperature 1s raised from 32° C. to 195° C. at 2°
C./minute, 400 g load, 60 Hz frequency, and 0.5 mm stroke
length or 400 g load, 60 Hz frequency at constant tempera-
ture, such as 100° C. or 60° C. The test can measure average
friction coeflicient and wear volume.
The copolymer of the present disclosure may be formed by
technique known 1n the art for copolymerization of alpha-
olefins and alkylene glycols. Cationic or acid catalyzed poly-
merization or anionic (or base-catalyzed) polymerization are
preferred methods to produce the copolymer. The copolymer
can also be produced by radical polymerization using radical
initiators. Furthermore, the copolymer can also be prepared
by other synthetic, non-polymerization schemes.

A process of the present disclosure 1s shown 1n the follow-
ing reaction sequence:

O
R / + s
2
Ra
H
WO#CW
Rb Rj R4

wherein R, R,, R;, R, Ra, and Rb are, independently, any of
H, a C, to C, s normal or branched alkyl radical, ora C, to C, 4
aromatic radical or aromatic-containing alkyl radicals;
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wherein n and m, are, independently, integers from 1 to 1000;
and wherein x 1s an 1mteger from O to 10.

The copolymerization of monomers can be carried out in
the presence of a catalyst of a Lewis acid. Useful Lewis acid
catalysts include metal and metalloid halides conventionally
used as Friedel-Crafits catalysts, such as AICIl;, BF;, AlBr;,
T1Cl,, and T1Cl, either alone or with a protic promoter. Solid
Lewis acid catalysts, such as synthetic or natural zeolites;
acid clays; polymeric acidic resins; amorphous solid cata-
lysts, such as silica-alumina; and heteropoly acids, such as the
tungsten zirconates, tungsten molybdates, tungsten vana-
dates, phosphotungstates and molybdotungstovanadoger-
manates (e.g., WOx/ZrO,, WOx/MoQO,) may also be used
although they are not generally as preferred as the metal and
metalloid halides. In general, the acid catalyst used in the
copolymerization process 1s 0.1 to 30 wt % and preferably 0.2
to 3 or 5 wt % based on total feed.

Lewis acid catalysts most frequently used for the copoly-
merization are the metal and metalloid halide catalysts. The
catalysts most preferred in conventional PAO oligomeriza-
tion processes are aluminum trichloride and boron trifluoride.
Boron trifluonide 1s typically used in combination with a
protic promoter. Promoters are well-known 1n BF ;-catalyzed
olefin oligomerization processes include water, alcohols,
such as the lower (C,-C;) alkanols, methanol, ethanol, 1so-
propanol, and butanol; acids; organic acids, including car-
boxylic acids such as acetic acid, propionic acid, and butanoic
acid; anhydrides of organic acids such as acetic anhydride;

inorganic acids, such as phosphoric acid, and as further
described m U.S. Pat. No. 3,149,178; esters, such as ethyl

acetate, and as further described 1in U.S. Pat. No. 6,824,671
alcohol alkoxylates, such as glycol ethers, e.g. ethylene gly-
col monomethyl ether(2-methoxyethanol) and propylene
glycol monoethyl ether and ethoxylates derived from mixed
C, to C,, preferably C, to C, ; and most preferably C, to C, ,
straight chain alcohols, and as further described 1n U.S. Pat.
No. 5,068,487; ethers, such as dimethyl ether, diethyl ether
and methyl ethyl ether; ketones; aldehydes; and alkyl halides.
Protic promoters form a catalyst complex with the boron
trifluonide, and such complex serves as a catalyst for the

oligomerization. The complex usually contains an excess of

boron trifluoride, which 1s adsorbed 1n the mixture.

Solvents or diluents may be used 1n the Lewis acid cata-
lyzed copolymerization. I the catalyst system being used 1s a
liquid, this may also function as the solvent or diluent for the
reaction so that no additional solvent or diluent may be
required. Additional liquids that are non-reactive to the
selected catalyst system may be used as needed to control
viscosity of the reaction mixture or to carry off heat of reac-
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solid Lewis acid as the catalyst, the copolymerization will
normally be carried out using a fixed bed of the catalyst in a
downtlow mode although alternative forms of operation, e.g.,
in a stirred tank reactor, are possible.

Following completion of the copolymerization reaction,
the catalyst activity may be quenched by addition of water or
a dilute aqueous base such as 5 wt % NaOH solution. The
organic layer may be separated and distilled to remove com-
ponents other than the base stock. When promoted BF, cata-
lyst1s used, the gaseous BF; and promoter may be recycled 1f
not deactivated at the end of the reaction. When a solid cata-
lyst 1s used, a simple filtration 1s all that 1s needed to separate
the catalyst from the copolymer product if the reaction has not
been carried out 1n a fixed bed. The copolymer product may
then be fractionated to remove any unreacted light olefin and
the copolymer 1n the desired boiling range, and, optionally,
sent for hydrogenation to remove any residual unsaturation
that may be present 1n the product.

The lube range copolymer product from the Lewis acid
catalyzed step 1s desirably hydrogenated prior to use as a
lubricant base stock 1n order to remove any residual unsat-
uration and to stabilize the product. The hydrogenation may
be carried out in the manner conventional to the hydrotreating
of conventional PAOs using, for example, a metal (usually a
noble metal) hydrogenation catalyst.

A typical synthesis of the copolymer by anionic or base
catalyst can be achieved as following. An alcohol or a mixture
of alcohols containing poly-alpha-olefin components (PAO-
alcohol) are used 1n this procedures. Synthesis of this type of
alcohol 1s described below. An alcohol of 3.5 moles and 0.1
moles of potassium hydroxide available 1n 45% aqueous solu-
tion are mixed together 1n an autoclave. The mixture 1s heated
to 105° C. under vacuum followed by purging with nitrogen
to remove the water or any volatile components. The residual
mixture 1s then heated to 140° C. The reactor pressure 1s
adjusted to 40 psig. Ethylene oxide (618.6 gram, 14 mole) 1s
the added continuously over one hour. The reaction continues
for another 6 hours at constant temperature and stirring. The
reactor 1s then cooled down to room temperature and sub-

40 jected to vacuum for one hour. The residual o1l 1s then diluted

45

tion by evaporation with reflux of the condensed vapor, 1f 50

desired. Hydrocarbons such as alkanes and aromatics, e.g.,
hexane and toluene, are suitable for this purpose. Thus, a light
alpha-olefin oligomer reactant, either alone or with additional
alpha-olefin co-feed, may be oligomerized directly i the

presence ol the catalyst system with or without the addition of 55

solvent or diluent. The reactions will normally be carried out
in a closed environment if gaseous catalysts such as boron
trifluonide are used. Such reactions are usually carried out
under an 1nert atmosphere, €.g., nitrogen.

The temperature of the Lewis acid-catalyzed copolymer-
1zation reactions can usefully vary in practical operation from
—10° C. 10 300° C. and preferably between 0° C. to 75° C. The
system may operate under atmospheric pressure as the system
typically exhibits low vapor pressures at normal processing,
temperatures. The system may, however, be operated under
mild pressure 1f it 1s desired to maintain a closed reaction
environment, €.g. under autogenous pressure. When using a

60

65

with heptane and washed with dilute HCI and water until
wash comes out clear. Alternatively, at the end of the reaction,
the reaction mixture 1s quenched with 5 grams water and pass
through an acidic silica gel or alumina column or acidic clay
to absorb all potassium hydroxide or other impurity. The
filtered o1l 1s suitable as a high performance lube base stock.
Alternatively, a hydrotreating process 1s used to decolorize
the Iube o1l.

In this process, the base catalyst can be any suitable base,
including Group 1A, IIA, IB, I1I1B, metal oxide or hydroxides,
such as sodium hydroxide, potassium hydroxides. Group VIII
metal oxides with base character are also suitable. Sometimes
Group IA, IIA, IB and 1IB metals are also used, although they
are more expensive. The process can be run 1n batch or 1n a
continuous stir-tank reactor. The metal hydroxides can be
present 1n pure powder form or 1n aqueous solution of any
suitable concentration. Solution form may be more suitable
because 1t allows more contact and a more thorough reaction
thus resulting 1n higher efficiency. A solvent can be used 1n the
process. Typical solvents include hexanes, heptane, benzene,
toluene, xylene, Norpar or Isopar solvents, and the like. More

polar solvents such as tetrahydrofuran, dimethylformamide
(DMF), dimethyl sulfoxide (DMSQ), acetonitrile, and the

like can be added as a co-solvent or as a solvent alone.

In the copolymerization process, any of the alkylene oxides
discussed earlier, alone or 1n a mixture, can be used. If two or
more alkylene oxides are added simultaneously, a block of
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random alkylene oxide copolymer 1s formed from the PAO-
alcohol iitiator. An example 1s ethylene oxide and propylene
oxide copolymer block or ethylene oxide and butylene oxide
copolymer. The presence of a small amount of propylene
oxide or butylene oxide can be beneficial. If one alkylene
oxide added first and allowed to react to completion, then a
second alkylene oxide 1s added to react to completion. The
resulting polyalkylene oxide fraction 1s a block copolymer.

The PAO alcohol used 1n this anionic or base-catalyzed
method can be derived by any of several methods. In the
simplest form, a Guerbet alcohol derived from a primary
alcohol of n-C to C, . [For Guerbet chemistry, see Journal of
Surfactant and Detergent, Vol. 4, No. 3, July 2001, page
311-315, or Guerbet reaction of cetyl alcohol, Journal of
Applied Chemistry, Vol. 4, Issue 12, p. 6377-641]. These types
of alcohol are equivalent to primary alcohol derived from an
alpha-olefin dimer. Alternatively, these alcohols can be syn-
thesized from unhydrogenated alpha-olefin oligomers or
polymers by any conventional alcohol synthesis method. The
unhydrogenated alpha-olefin oligomers or polymers can be
made according to any of the processes disclosed in U.S. Pat.
Nos. 4,990,709, 4,827,064, 4,827,073, 5,012,020; and 5,264,
642, which are incorporated herein by reference. Alterna-
tively, the unhydrogenated oligomers can be made according,
to WO 2007011462, WO 2007011459, which are incorpo-
rated herein by reference. These oligomers as synthesized
have one double bond. That double bond can be used to
convert 1nto alcohol functional group using known methods,
most commonly a hydroformylation reaction. In this reaction,
the olefin 1s reacted with synthesis gas, CO/H,, catalyzed by
Rh, Co, or Ru, type catalyst. The hydroformylation reaction 1s
well known 1n commercial processes to produce 1-alkanols
from olefins. Alternatively, the alcohol can be produced by a
hydroboration reaction or oxidation with peroxides. Any of
these known methods are suitable. Commercially, the Guer-
bet reaction and the hydroformylation of unhydrogenated

PAQO are usetul.

Alternatively, the copolymer can be made using metal
complexes as catalysts. An example 1s using double metal
cyanides (DMC). Teachings to the use of DMC catalysts can
be found i U.S. Patent Application Publication Nos.
20050256014 and 20060223979, which are incorporated
herein by reference. PAO alcohols useful in the aforemen-
tioned processes can be prepared as described turther above.

The copolymer may be admixed with other lubricant base
stocks with which they are soluble or miscible. Usetul blend-
ing base stocks include mPAOs, PAOs, GTL (gas-to-liquid
matenals), Group I, Group II, and Visom (Group III) base
stocks. PAO base stocks are disclosed, for example, in U.S.
Published Application No. 2008/01°77121 Al, which 1s incor-
porated herein by reference. GTL base stocks are disclosed,
for example, in U.S. Published Application No. 2007/
0265178 Al, which 1s incorporated herein by reference. The
copolymer may be admixed with other (different) lubricant
base stocks 1n any proportion, such as 1 wt % to 99 wt %
copolymer and 99 wt % to 1 wt % other lubricant base stocks

(and any proportion 1n between) based on the total weight
thereol. Preferred blends have 0.5 wt % copolymer and 99.5
wt % other lubricant base stocks, more preferably 5 wt % to
95 wt %, and most preferably 20 wt % to 80 wt % based on the
total weight thereof.

The following are examples of the present disclosure and
are not to be construed as limiting.
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8
EXAMPLES

Example 1

Copolymerization of 1-decene and 1,2-epoxybutane
Using AICI, as a Catalyst

A copolymer was prepared according to the following:
Charged AICI; (1.33 g, 0.01 mole) and 5 ml decane under

N, to a three-neck round bottom flask equipped with a
mechanical stirrer. Slowly added 1-decene (11.2 g, 0.08
mole) and 1,2-epoxybutane (1.44 grams, 0.02 mole) with
syringe at room temperature. After addition, the reaction mix-
ture was stirred overnight at room temperature. The reaction
was stopped by adding 25 ml water and 100 ml methyl tert-
butyl ether (MTBE). The MTBE layer was washed with water
(2x75 ml) and (1x75 ml) brine until the aqueous layer

attained pH ~7. The MTBE layer was separated and dried
over anhydrous MgSQO,, and filtered. The low boiling (MTBE)
component was then removed by using a rotary evaporator
and high boiling components (decane and unreacted
1-decene) with an air bath oven at 160° C.-170° C. under
vacuum. The final product yield was 47%.

The copolymer was characterized using IR, NMR and
GPC. The IR spectra of polymer showed characteristic
absorption peaks due to PAO (720 cm™", alkane with >4 CH,
groups) as well as polyether. The NMR spectrum suggests
that 17 mole % polyether was present in the product. The GPC
gave a monomodel peak with M, 1448, M 3062 using poly-
styrene standards.

The kinematic viscosity (Kv) of the liquid product was
measured using ASTM standards D445 and reported at tem-
peratures of 100° C. (Kv at 100° C.) or 40° C. (Kv at 40° C.).
The viscosity index (V1) was measured according to ASTM
standard D2270 using the measured kinematic viscosities for
cach product. The viscosity of copolymer was 29.2 ¢St at
100° C. and 279.2 ¢St at 40° C. with viscosity index (V1) of
140. The data suggests that the lubricant properties of the
copolymers are comparable to those of PAO base stock.

TABL.

L1

1

[.ube Properties of Example 1 and PAO 30

Sample # Kv 00 Viscosity Index (VI)
Example 1. PAO-PAG 29.2 140
Copolymer

PAO 30 30 144

The friction coetlicient of the PAO-PAG copolymer base
stock was measured using an HFRR test (high frequency
reciprocating rig) at the following conditions: 0.1 m/s (60 Hz)
speed, 100° C. temperature, 1 GPa (400 grams) pressure, and
a duration of 4 hours. The friction coelficient of the PAO-PAG
copolymer was 0.018, while the friction coellicient of 30 ¢St
PAO at the same measurement conditions was 0.09.

TABL.

L1l

2

The Friction Coeflficient of Example 1 and PAO 30

Sample # Friction Coeflicient (FC)
Example 1. PAO-PAG 0.018
Copolymer

PAO 30 0.090
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Example 2

Synthesis of PAO-PAG Hybrid Molecule by Radical
Chemaistry

Decene-1, 76 grams (0.54 mole), was reacted with ethylene
oxide (EO), 24 grams (0.54 mole), in the presence of a radical
initiator, di-t-butyl peroxide, 5 grams, at a temperature above
100° C. 1n an autoclave with stirring for 16 hours. The reac-
tion mixture was distilled under high vacuum to remove a
light fraction. The resulting residual fraction contained a lube
fraction with an average composition of (C10),-(EO),—H.

Example 3

Synthesis of a PAO-PAG Hybrid Molecule by BF,
Catalyst

Decene-1, 76 grams (0.54 mole), was reacted with ethylene
oxide (EQO), 24 grams (0.54 mole), in the presence of pro-
moted BF, catalyst, at a temperature above 20° C. in an
autoclave with stirring for 16 hours. The reaction mixture was
washed with water to remove any residual catalyst. The
organic layer was distilled under high vacuum to remove a
light fraction. The resulting residual fraction contained a lube
fraction with an average composition of (C, ,)-.-(EO),—H.

Example 4

Synthesis of PAO-PAG Hybrid Molecule by AlCl,
Catalyst

Decene-1, 76 grams (0.54 mole), was reacted with ethylene
oxide (EQO), 24 grams (0.54 mole), 1in the presence of 5 grams
of promoted AICI, catalyst, at a temperature above 20° C. 1n
an autoclave with stirring for 16 hours. The reaction mixture
was washed with water to remove any residual catalyst. The
organic layer was distilled under high vacuum to remove a
light fraction. The resulting residual fraction contained a lube
fraction with average composition of (C, ,),-(EO),—H.

Examples 5 to 10 and Comparative Examples 1 and
2

Synthesis of PAO-PAG Hybrid Molecule from
PAO-Alcohol and EO

The PAO-alcohol can be any of C,,, C,, and C, , alcohols

produced from ethylene oligomerization by a trialkylalumi-
num process followed by oxidative cleavage. C,,, C,, and
C,, alcohols can be obtained from hydrogenation of corre-
sponding fatty acids or triglycerides. A C,,-alcohol can be
dimerized 1n the presence ol Ni-on-kieselguhr catalyst in a
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typical Guerbet alcohol synthesis route to give C,,-alcohol.
The C,,, alcohol can react with 2 moles of EO with a base
catalyst to give C,,-(EO),—H lube according to the follow-
ing equation:

OH
OH
catalyst or NaOMe
- -
+EO
PAG
A
r 2\

> PAO

The compositions 1n Examples 5 to 18 exhibited high VI
and low pour points. The lube fractions also exhibited low
traction coeflicients and low frictional coetficients, excellent
wear properties under the 4-ball wear test, FZG test or the
Falex se1zure load test. The resulting fluids were used as base
stocks for OW20 or OW30 automotive engine lubricant for-
mulation resulting 1in 1mproved energy efficiency improve-
ment.

A series of PAO-PAG copolymer fluids were synthesized
using the anionic method. The composition and the fluid
properties are summarized in the following Table 3.

TABLE 3
Example
Comp. Comp.

5 6 7 8 9 10 Ex. 1 Ex. 2

Type of AO cthylene cthylene ethylene hexyl octyl octyl PAO5S  PAO4
oxide oxide oxide oxide oxide oxide

Alcohol C12—OH“ C18—OH" C20—OH® C20—OH® C20—OH*< C20—OH*
Average 4 2 3 1.5 1.5 2
Mole Ratio
AQ/alcohol

Lube
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TABLE 3-continued
Example
Comp. Comp.
5 6 7 8 9 10 Ex. 1 Ex. 2
Property
100° C. Kv, ¢S 4.17 4.08 2.7 4.41 5.06 6.09 5 4
VI 132 116 127 R6 115 125 130 126
Pour Point, 3 15 —48 - 64 -51 - 60 -55 -66
°C.
Friction 0.065 0.066 0.14 0.12 0.13 0.13 0.17 0.21
Coefficient®

(E)H-Clz alcohol
®)Oleyl alcohol
(©2-Octyl-n-dodecanol

As depicted 1n Table 3, the PAO-PAG copolymers of
Examples 5 to 10 exhibit good viscometrics and lower iric-
tion coellicients than PAO alone. In addition, Examples 3 to
10 are all compatible with hydrocarbon base stocks of Group
I to Group IV base stocks.

Furthermore, when the fluid of Example 5 was blended
with a high quality Gr 111 base stock made from hydroisomer-
ization of slack wax, the blends all exhibited significantly
reduced Iriction coelfficients compared to a control without
the copolymer. Further unexpectedly, even 2% of the fluid of

Example 5 exhibited a significantly reduced friction coelli-

cient. Viscosity and friction coelliciency data are summarized
in Table 4 below.

TABLE 4
Wt % Ex. 5 1 Group Kv at Kv at Friction
IIT base stock 100° C.,cS 40°C.,cS VI Coeflicient

0 3.75 15.06 143 0.168

2 3.72 14.54 151 0.115

5 3.63 14.57 138 0.106

10 3.59 14.97 124 0.102

15 3.6 15.27 119 0.092

20 3.59 15.75 110 0.079

40 3.73 16.78 110 0.062

60 3.86 17.45 114 0.066

80 3.98 18.04 118 0.060

100 4.16 18.61 |16 0.065

Example 11

Co-Polymerization of 1-decene and 1,2-epoxybutane
Using AICl, as a Catalyst

Charged AICI, (2.99 g, 0.02 mole) and 40 ml methylene

chloride under nitrogen in a three-neck round bottom flask
equipped with mechanical stirrer. Slowly added 1-decene
(22.4 ¢, 0.16 mole) and 1,2-epoxybutane (2.88 g, 0.04 mole)
with stirring at room temperature. After addition, the reaction
mixture was stirred overnight at room temperature. The reac-
tion was stopped by adding 50 ml water and 100 ml methyl-
ene chloride. The methylene chloride layer was washed with
water (2x100 ml) and (1x100 ml) brine until the aqueous
layer attained pH ~7. The methylene chloride layer was sepa-
rated and dried over anhydrous MgSO,, and filtered. The low
boiling components (methylene chloride and 1,2-epoxybu-
tane) were then removed by using a rotary evaporator and
high boiling components (1-decene and homo polymer of
1,2-epoxybutane)in an air bath oven at 160° C.-170° C. under
1 mm vacuum. The final product yield was 42%.

20

25

The copolymer was characterized using IR, NMR and
GPC. The IR spectra of polymer showed characteristic
absorption peaks due to PAO (721 cm™", alkane with >4 CH,
groups) as well as other peaks at 33618, 2940, 2840, 1467,
1370, 1105, and 721 cm™"'. The NMR spectrum suggest that 3
mole % polyether was present 1n the product. The GPC gave
a monomodel peak ot M, 2556 and M, 6974 using polysty-
rene standards.

The kinematic viscosity (Kv) of the liquid product was
measured using ASTM standards D445 and reported at tem-

peratures of 100° C. (Kv at 100° C.) or 40° C. (Kv at 40° C.).
The viscosity index (V1) was measured according to ASTM

0 standard D2270 using the measured kinematic viscosities for
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cach product. The viscosity of the copolymer was 83.8 ¢St at
100° C. and 980 ¢St at 40° C. with a viscosity index (V1) of
168. The data suggest that the lubricant properties of the
copolymers are comparable to PAO base stock. The friction
coellicient of the PAO-PAG copolymer base stock was mea-
sured using an HFRR test (high frequency reciprocating rig)
at the following conditions: 0.1 m/s (60 Hz) speed, 32-195° C.
temperature range, and 1 GPa (400 grams) pressure. The
average Iriction coellicient of the PAO-PAG copolymer was

0.083.
Example 12
Co-Polymerization of 1-decene and 1,2-epoxybutane
Using AICI, as a Catalyst

Charged AlCI, (6.65 g, 0.05 mole) and 20 ml decane under
nitrogen in a three-neck round bottom flask equipped with
mechanical stirrer. Slowly added 1-decene (56 g, 0.4 mole)
and 1,2-epoxybutane (7.2 g, 0.1 mole) with stirring at room
temperature. After addition, the reaction mixture was stirred
overnight at room temperature. The reaction was stopped by
adding 75 ml water and 150 ml methylene chloride. The
methylene chloride layer was washed with water (2x100 ml)
and (1x100 ml) brine until the aqueous layer attained pH ~7.
The methylene chloride layer was separated and dried over
anhydrous MgSQO, and filtered. The low boiling components
(methylene chloride and 1,2-epoxybutane) were then
removed by using a rotary evaporator and high boiling com-
ponents (1-decene and homo polymer of 1,2-epoxybutane)
with an air bath oven at 160° C.-170° C. under 1 mm vacuum.
The final product yield was 27%.

The copolymer was characterized using IR, NMR and
GPC. The IR spectra of polymer showed characteristic
absorption peaks due to PAO (720 cm ™", alkane with >4 CH,
groups ) as well as other peaks 3472, 2960, 2847, 1463, 1383,
1091, 720 cm™'. The NMR spectrum suggests that 20 mole %
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polyether was present 1n the product. The viscosity of copoly-
mer was 26 ¢St at 100° C. and 221.4 ¢St at 40° C. with

viscosity index (V1) of 150. The pour point of the product was
—-45° C. The data suggest that the lubricant properties of the
copolymers are comparable to PAO base stock. The friction
coellicient of the PAO-PAG copolymer base stock was mea-
sured using an HFRR test (high frequency reciprocating rig)
at the following conditions: 0.1 m/s (60 Hz) speed, 32-195° C.
temperature range, and 1 GPa (400 grams) pressure. The
average Iriction coetlicient of the PAO-PAG copolymer was

0.075.

Example 13

Co-Polymerization of 1-decene and 1,2-epoxybutane
Using AICl, as a Catalyst

Charged AICI; (1.33 g, 0.01 mole) and 5 ml decane under
nitrogen in a three-neck round bottom tlask equipped with a
mechanical stirrer. Slowly added 1-decene (11.2 g, 0.08
mole) and 1,2-epoxybutane (1.44 g, 0.02 mole) with stirring,
at room temperature. After addition, the reaction mixture was
stirred for overnight at room temperature. The reaction was
stopped by adding 25 ml water and 100 ml tert-butyl methyl
cther. Tert-butyl methyl ether layer was washed with water
(2x75 ml) and (1x75 ml) brine until the aqueous layer
attained pH ~7. The methylene chloride layer was separated
and dried over anhydrous MgSO,, and filtered. The low boil-
ing components (tert-butyl methyl ether and 1,2-epoxybu-
tane) was then removed by using a rotary evaporator and high
boiling components (decane, 1-decene and homo polymer of
1,2-epoxybutane) with an air bath oven at 160° C.-170° C.
under 1 mm vacuum. The final product yield was 47%.

The copolymer was characterized using IR, NMR, and
GPC. The IR spectra of the copolymer showed characteristic
absorption peaks at 3472, 2922, 2842, 1468, 13778, 1101, and
729 cm™'. The NMR spectrum suggests that 19 mole %
polyether was present 1n the product. The GPC gave a mono-
model peak of M 1561 and M, 4111 using polystyrene
standards. The viscosity of copolymer was 35.5 cStat 100° C.
and 317.4 cStat 40° C. with a viscosity index (V1) of 138. The
data suggest that the lubricant properties of the copolymers
are comparable to PAO base stock. The friction coelficient of
the PAO-PAG copolymer base stock was measured using an
HFRR test (high frequency reciprocating rig) at the following
conditions: 0.1 m/s (60 Hz) speed, 32-195° C. temperature
range, and 1 GPa (400 grams) pressure. The average friction
coellicient of the PAO-PAG copolymer was 0.04.

Example 14

Co-Polymerization of 1-decene and 1,2-epoxybutane
Using AICl, as a Catalyst

Charged AICI; (4 g, 0.03 mole) and 25 ml methylene chlo-
ride under nitrogen 1 a three-neck round bottom flask
equipped with a mechanical stirrer. Slowly added 1-decene
(33.6 g, 0.24 mole) and 1,2-epoxybutane (4.32 g, 0.06 mole)
with stirring at room temperature. After addition, the reaction
mixture was stirred overmght at room temperature. The reac-
tion was stopped by adding 25 ml water and 100 ml methyl-
ene chloride. The methylene chloride layer was washed with
water (2x75 ml) and (1x75 ml) brine until the aqueous layer
attained pH ~7. The methylene chloride layer was separated
and dried over anhydrous MgSO,, and filtered. The low boil-
ing components (methylene chloride and 1,2-epoxybutane)
were then removed by using a rotary evaporator and high
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boiling components (1-decene and homo polymer of 1,2-
epoxybutane) with an air bath oven at 160° C.-170° C. under
1 mm vacuum. The final product yield was 84%.

The copolymer was characterized using IR, NMR, and
GPC. The IR spectra of polymer showed characteristic
absorption peaks at 3454, 2917, 2847, 1468, 1369, 1091, and
725 cm™'. The NMR spectrum suggests that 6.3 mole %
polyether was present 1n the product. The viscosity of the
copolymer was 92.5cStat 100° C. and 1030 cStat 40° C. with
a viscosity index (VI) of 178. The pour point of the product
was —36° C. The data suggest that the lubricant properties of
the copolymers are comparable to PAO base stock. The ric-
tion coetlicient of the PAO-PAG copolymer base stock was
measured using an HFRR test (high frequency reciprocating
rig) at the following conditions: 0.1 m/s (60 Hz) speed,
32-195° C. temperature range, and 1 GPa (400 grams) pres-
sure. The average Iriction coeflicient of the PAO-PAG
copolymer was 0.11.

Example 15

Co-Polymerization of 1-decene and 1,2-epoxybutane
Using AICI, as a Catalyst

Charged AICI; (4 g, 0.03 mole) and 25 ml decane under
nitrogen 1n a three-neck round bottom flask equipped with a
mechanical stirrer. Slowly added 1-decene (33.6 g, 0.24
mole) and 1,2-epoxyhexane (6.2 g, 0.06 mole) with stirring at
50° C. After addition, the reaction mixture was stirred for 4
hours at 50° C. and then allowed to cool to room temperature.
The reaction was stopped by adding 25 ml water and 100 ml
methylene chlornide. The methylene chloride layer was
washed with water (2x75 ml) and (1x75 ml) brine until the
aqueous layer attained pH ~7. The methylene chloride layer
was separated and dried over anhydrous MgSO,, and filtered.
The low boiling components (methylene chloride and 1,2-
epoxybutane) were then removed by using arotary evaporator
and high boiling components (1-decene and homo polymer of
1,2-epoxybutane) with an air bath oven at 160° C.-170° C.
under 1 mm vacuum. The final product yield was 70%.

The copolymer was characterized using IR, NMR, and
GPC. The IR spectra of polymer showed characteristic
absorption peaks due to PAO (721 cm™", alkane with >4 CH,,
groups ) as well as other peaks 3583, 2955, 2923, 2853, 1464,
1377, 1301, 1098, and 721 cm™'. The NMR spectrum sug-
gests that 9.01 mole % polyether was present 1in the product.
The viscosity of the copolymer was 31.4 ¢St at 100° C. and
2°70.4 ¢St at 40° C. with a viscosity index (V1) of 157. The
pour point of the product was —42° C. The data suggest that
the lubricant properties of the copolymers are comparable to
PAO base stock. The friction coetlicient of the PAO-PAG
copolymer base stock was measured using an HFRR test
(high frequency reciprocating rig) at the following condi-
tions: 0.1 m/s (60 Hz) speed, 32-195° C. temperature range,
and 1 GPa (400 grams) pressure. The average friction coelli-
cient of the PAO-PAG copolymer was 0.12.

Example 16

Co-Polymerization of 1-decene and 1,2-epoxybutane
Using AICI, as a Catalyst

Charged AICI, (10.64 g, 0.08 mole) and 25 ml methylene
chloride under nitrogen in a three-neck round bottom flask

equipped with a mechanical stirrer. Slowly added 1-decene
(28 g, 0.2 mole) and 1,2-epoxyhexane (14.4 g, 0.2 mole) with
stirring at 0° C. After addition, the reaction mixture was
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stirred for 4 hours at 0° C. The reaction was stopped by adding
50 ml water and 300 ml methylene chloride. The methylene
chloride layer was washed with water (2x100ml) and (1x100
ml) brine until the aqueous layer attained pH ~7. The meth-
ylene chloride layer was separated and dried over anhydrous
MgSQO, and filtered. The low boiling components (methylene
chlonide and 1,2-epoxybutane) were then removed by using a
rotary evaporator and high boiling components (1-decene and
homo polymer of 1,2-epoxybutane) with an air bath oven at
160° C.-170° C.under 1 mm vacuum. The final product yield
was 64%.

The copolymer was characterized using IR, NMR, and
GPC. The IR spectra of polymer showed characteristic
absorption peaks due to PAO (721 cm™, alkane with >4 CH,
groups) as well as other peaks 3471, 2955, 2852, 1464, 1377,
1095, and 721 cm ™. The NMR spectrum suggests that 24.8
mole % polyether was present 1n the product. The GPC gave
a monomodel peak of M, 3118 and M, 6369 using polysty-
rene standards. The viscosity of copolymer was 46.1 ¢St at
100° C. and 472 ¢St at 40° C. with a viscosity index (VI) of
154. The pour point of the product was —39° C. The data
suggest that the lubricant properties of the copolymers are
comparable to PAO base stock.

Example 17

Co-Polymerization of 1-decene and
1,2-epoxyhexane Using AlICI, as a Catalyst

Charged AICI, (5.32 g, 0.04 mole) and 25 ml 1,2-dichlo-
roethane under nitrogen 1n a three-neck round bottom flask
equipped with a mechanical stirrer. Slowly added 1-decene
(14 g, 0.1 mole) and 1,2-epoxyhexane (10 g, 0.1 mole) with
stirring at 50° C. After addition, the reaction mixture was
stirred for 4 hours at 50° C. and then the reaction mixture was
allowed to cool to room temperature. The reaction was
stopped by adding 25 ml water and 100 ml methylene chlo-
ride. The methylene chloride layer was washed with water
(2x75 ml) and (1x75 ml) brine until the aqueous layer
attained pH ~7. The methylene chloride layer was separated
and dried over anhydrous MgSO,, and filtered. The low boil-
ing components (methylene chloride and 1,2-epoxybutane)
was then removed by using a rotary evaporator and high
boiling components (1-decene and homo polymer of 1,2-
epoxybutane) with an air bath oven at 160° C.-170° C. under
1 mm vacuum. The final product yield was 64%.

The copolymer was characterized using IR, NMR, and
GPC. The IR spectra of the copolymer showed characteristic
absorption peaks due to PAO (723 cm™, alkane with >4 CH,
groups) as well as other peaks 3454, 29355, 2854, 1463, 1377,
1102, and 723 cm™"'. The NMR spectrum suggests that 9.2
mole % polyether was present 1n the product. The GPC gave
a M _ 1309 and M, 3174 using polystyrene standards. The
viscosity of copolymer was 39.4 cStat 100° C. and 486 cSt at
40° C. with a viscosity index (VI) of 127. The pour point of
the product was -39° C. The data suggest that the lubricant
properties of the copolymers are comparable to PAO base
stock.

Example 18

Co-Polymerization of 1-decene and 1,2-epoxybutane
Using AlCI, as a Catalyst

Charged AICI; (17.02 g, 0.128 mole) and 25 ml decane
under nitrogen 1n a three-neck round bottom flask equipped
with a mechanical stirrer. Slowly added 1-decene (44.8 g,
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0.32 mole) and 1,2-epoxybutane (23 g, 0.32 mole) with stir-
ring at room temperature. After addition, the reaction mixture
was stirred for 4 hours at room temperature. The reaction was
stopped by adding 100 ml water and 200 ml toluene. The
toluene layer was washed with water (2x100 ml) and (1x100
ml) brine until the aqueous layer attained pH ~7. The meth-
ylene chlornide layer was separated and dried over anhydrous
MgSO, and filtered. The low boiling components (toluene

and 1,2-epoxybutane) was then removed by using a rotary
evaporator and high boiling components (1-decene and
decane) with an air bath oven at 160° C.-170° C. under 1 mm
vacuum. The final product yield was 65.7%.

The copolymer was characterized using IR, NMR, and
GPC. The IR spectra of the copolymer showed characteristic
absorption peaks due to PAO (721 cm™", alkane with >4 CH,
groups ) as well as other peaks 3433, 2955, 2833, 1464, 1377,
1096, and 721 cm™'. The NMR spectrum suggests that 11
mole % polyether was present in the product. The viscosity of
the copolymer was 48.7 ¢St at 100° C. and 508 ¢St at 40° C.
with a viscosity mdex (VI) of 154. The pour point of the
product was —39° C. The data suggest that the lubricant prop-
erties of the copolymers are comparable to PAO base stock.

All patents and patent applications, test procedures (such
as ASTM methods, UL methods, and the like), and other
documents cited herein are fully incorporated by reference to
the extent such disclosure 1s not inconsistent with this inven-
tion and for all jurisdictions 1 which such icorporation 1s
permitted.

When numerical lower limits and numerical upper limits
are listed herein, ranges from any lower limit to any upper
limit are contemplated. While the 1llustrative embodiments of
the invention have been described with particularity, 1t will be
understood that various other modifications will be apparent
to and can be readily made by those skilled 1n the art without
departing from the spirit and scope of the invention. Accord-
ingly, 1t 1s not intended that the scope of the claims appended
hereto be limited to the examples and descriptions set forth
herein but rather that the claims be construed as encompass-
ing all the features of patentable novelty which reside in the
present invention, including all features which would be
treated as equivalents thereof by those skilled 1n the art to
which the mvention pertains.

The present invention has been described above with ret-
cerence to numerous embodiments and specific examples.
Many vaniations will suggest themselves to those skilled 1n
this art 1n light of the above detailed description. All such
obvious varnations are within the full intended scope of the
appended claims.

What 1s claimed 1s:
1. A poly(alpha-olefin/alkylene glycol) copolymer of the
following formula:

Ra
H,
O C
F X hi
Rb Rj R4

wherein R, R, Ra, and Rb are, independently, any ot H, a C,
to C,; normal or branched alkyl radical, or a C, to C,, aro-
matic radical or aromatic-containing alkyl radicals; wherein n
and m, are, independently, integers resulting in the copolymer
having a molecular weight ranging from 200 to 20,000; and
wherein X 1s an mteger from O to 10,
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wherein the copolymer 1s a block copolymer or a random
copolymer, and

wherein the alpha-olefin 1s a linear or branched C, to C,,
a.-olefin.

2. The copolymer of claim 1, wherein n and m, are, inde-

pendently, integers resulting in the copolymer having a

molecular weight ranging from 300 to 10,000.
3. The copolymer of claim 1, wherein x 1s an integer from

0 to 3.

4. The copolymer of claim 1, wherein the copolymer 1s
poly(1-decene/1,2-epoxybutene)copolymer.

5. The copolymer of claim 1, wherein the C,, to C, , a.-olefin
1s selected from the group consisting of 1-nonene, 1-decene,
] -undecene, 1-dodecene, 1-tetradecene, 1-hexadecene, and
combinations thereof.

6. The copolymer of claim 1, wherein the alkylene glycol
has 2 to 20 carbons.
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7. The copolymer of claim 6, wherein the alkylene glycol 1s
selected from the group consisting of ethylene oxide, propy-
lene oxide, 1,2-epoxybutane, 2,3-epoxybutane, 1,2-epoxy-
dodecane, 1,2-epoxyhexadecane, 1,2-epoxyhexane, 1,2-ep-
oxyoctane, 1,2-epoxypentane, 1,2-epoxytetradecane, and
combinations thereof.

8. The copolymer of claim 1, wherein the alpha-olefin
content 1s greater than the alkylene glycol content on a mole
basis.

9. A lubricant formulation, comprising:

a first lubricant base stock of the copolymer of claim 1 and

a second lubricant base stock different than the first base

stock.

10. The formulation of claim 8, wherein the second base

stock 1s selected from the group consisting of a mPAQO, a PAQ,
a GTL, a Group I, a Group 11, and a Group III.
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